), their sensitivity to phorbol esters, polyamines, protons, and Zn 2ϩ (Durand et al., 1992; HollBaltimore, Maryland 21205 mann et al., 1993; Traynelis et al., 1995) , their ability to be phosphorylated by protein kinase C (Tingley et al., 1993) , and their subcellular localization in heterologous Summary expression systems (Ehlers et al., 1995 
, glycine, Zn 2ϩ , and atory neurotransmitter receptors in the brain critical protons, (Collingridge and Lester, 1989 ; Hollman and for synaptic plasticity and neuronal development. Heinemann, 1994) , as well as intracellular signals includThese receptors are Ca 2؉ -permeable glutamate-gated ing protein kinases and protein phosphatases (Lieberion channels whose physiological properties are reguman and Mody, 1994; Roche et al., 1994; Tong et al. , lated by intracellular Ca 2؉ . We report here the purifica-1995). In addition, numerous studies have shown that tion of a 20 kDa protein identified as calmodulin that intracellular Ca 2ϩ can transiently inhibit the activity of interacts with the NR1 subunit of the NMDA receptor.
NMDA receptor channels (Mayer and Westbrook, 1985 ; Calmodulin binding to the NR1 subunit is Ca 2؉ depen- Zorumski et al., 1989; Legendre et al., 1993 ; Vyklicky, dent and occurs with homomeric NR1 complexes, het-1993; Medina et al., 1995) . This Ca 2ϩ -dependent NMDA eromeric NR1/NR2 subunit complexes, and NMDA rereceptor inactivation is unaffected by ATP, many types ceptors from brain. Furthermore, calmodulin binding of phosphatase inhibitors, and other agents that affect to NR1 causes a 4-fold reduction in NMDA channel protein phosphorylation (Legendre et al., 1993 ; Rosenopen probability. These results demonstrate that mund and Westbrook, 1993a; Vyklicky, 1993) , although NMDA receptor function can be regulated by direct recent studies have shown that NMDA receptors are binding of calmodulin to the NR1 subunit, and suggest inactivated by the Ca 2ϩ -calmodulin-dependent protein a possible mechanism for activity-dependent feedphosphatase calcineurin (Lieberman and Mody, 1994 ; back inhibition and Ca 2؉ -dependent inactivation of Tong et al., 1995) . Further studies have indicated that NMDA receptors. Ca 2ϩ -dependent desensitization might be mediated by linkage of the NMDA receptor to the actin cytoskeleton Introduction in a manner regulated by a Ca 2ϩ -sensitive protein (Rosenmund and Westbrook, 1993b) . This Ca 2ϩ -dependent NMDA (N-methyl-D-aspartate) receptors constitute a inactivation of NMDA receptors provides a feedback major class of glutamate-gated ion channels in the cenmechanism capable of regulating subsequent Ca 2ϩ entral nervous system (for reviews, see Seeburg, 1993;  try into the postsynaptic cell through NMDA channels. Wisden and Seeburg, 1993; This study demonstrates that calmodulin (CaM) binds 1994). NMDA receptors are found in almost all central directly to the NR1 subunit of the NMDA receptor comnervous system neurons (Petralia et al., 1994) , where plex in a Ca 2ϩ -dependent manner. The binding of CaM they play an important role in synaptogenesis, synaptic to the NR1 subunit is shown to occur at two distinct plasticity, and excitotoxicity (Constantine-Paton et al., sites in the COOH-terminal region of the molecule, which 1990; Bliss and Collingridge, 1993; Choi, 1995) . In conhave different affinities for CaM. One of the CaM binding trast to most other glutamate receptors, NMDA receptor sites is wholly contained within the alternatively spliced channels exhibit high permeability to Ca 2ϩ and voltage-C1 exon cassette, whereas the other is found in a region dependent block by Mg 2ϩ (Mayer et al., 1984;  MacDercommon to all NR1 splice variants. CaM binding to these mott et al., 1986) . This Ca 2ϩ permeability and Mg 2ϩ block sites is further shown to reduce both the open rate and underlie NMDA receptor-dependent plasticity in the nermean open time of NMDA receptor channels isolated in vous system (Bliss and Collingridge, 1993) . NMDA reexcised patches. Our results identify CaM as an intracelceptors are oligomeric complexes comprised of memlular signaling molecule capable of directly binding to bers of two families of homologous subunits, NR1 and and regulating NMDA receptor function. NR2A-D (Moriyoshi et al., 1991; Kutsuwada et al., 1992; Meguro et al., 1992; Monyer et al., 1992) . Additional Results molecular diversity of NMDA receptors arises through alternative splicing of NR1 mRNA. At least seven NR1
Identification of CaM as an NR1 Binding Protein splice variants (NR1a-NR1g) are expressed in the cenPrevious studies have demonstrated both differential tral nervous system (Durand et al., 1992; Sugihara et al., subcellular distribution in transfected cells (Ehlers et al., 1992; Hollmann et al., 1993) , arising through the insertion 1995) and differential phosphorylation (Tingley et al., 1993) of NR1 subunit splice variants containing the C1 exon cassette. To further examine the role of the C1 cassette in NMDA receptor function, proteins that specifically associate with C1 cassette-containing NR1 splice variants were identified by coimmunoprecipitation studies. QT6 quail fibroblasts were mock transfected or transfected with the cDNAs encoding either the NR1a (C1ϩ) or NR1c (C1Ϫ) splice variants, and the cells metabolically labeled using 35 S-methionine and 35 S-cysteine. The QT6 quail fibroblast line has been previously used as a model system for studying nicotinic acetylcholine receptor clustering (Phillips et al., 1991) , as well as NR1 splice variant subcellular distribution (Ehlers et al., 1995) . Immunoprecipitation of NR1 subunits along with associated proteins revealed the presence of a prominent 20 kDa protein that preferentially coprecipitated with the NR1a subunit ( Figure 1A) . A protein of similar molecular weight from metabolically labeled QT6 cells also bound to an NR1 COOH-terminus fusion protein affinity resin ( Figures 1B and 1C) . Interestingly, at 150 mM NaCl with 1% NP-40, this protein bound to both the NR1a and NR1c COOH-terminal fusion proteins, but not hexahistidine backbone fusion protein (Figure 1B, left) . When the NaCl concentration was increased to 500 mM, however, the prominent 20 kDa protein preferentially associated with the NR1a COOHterminal fusion protein ( Figure 1B , middle). With more stringent detergent conditions (RIPA buffer: 1% NP-40, 0.5% deoxycholate, 0.1% SDS), binding of the 20 kDa protein to both NR1 COOH-terminal fusion proteins was abolished ( Figure 1B, right) .
To determine the identity of the 20 kDa protein, the were obtained ( Figure 1D ). Each of these four peptides along with associated proteins were coimmunoprecipitated using was identical to an amino acid sequence contained in a polyclonal anti-NR1 antibody. Precipitated proteins were eluted, CaM ( Figure 1D ).
resolved by SDS-PAGE, and visualized by fluorography. The arrow indicates the prominent 20 kDa protein and the arrowhead shows NR1. Molecular mass markers in kilodaltons are shown. protein ( Figure 2A ). In addition, CaM was observed to Coimmunoprecipitation experiments performed on lysates of QT6 cells expressing either NR1a or NR1c subunits using an anti-NR1 antibody showed that CaM coin a Ca 2ϩ -dependent manner regulated by the presence of the C1 exon cassette. precipitates with NR1a but not NR1c subunits, and that this coprecipitation is dependent on Ca 2ϩ ( Figure 2B ). No CaM was observed to coprecipitate from mock CaM Associates with Heteromeric NR1/NR2 Complexes and with NMDA Receptors in Rat Brain transfected cell lysates. CaM also coimmunoprecipitated with the C1ϩ NR1d subunit, but not with the C1Ϫ Most NMDA receptors in the brain are thought to be heteromeric complexes composed of both NR1 and NR2 NR1e subunit (data not shown). These results were consistent with those obtained using 35 S-labeled QT6 cell subunits (Sheng et al., 1994) . To determine whether CaM was capable of interacting with heteromeric NMDA relysates ( Figures 1A and 1B were performed on lysates of QT6 cells expressing both Quantitative Analysis of CaM Binding to the COOH-Terminus of NR1a and NR1c NR1 and NR2B subunits using an anti-NR2B antibody. No CaM was observed to coprecipitate with NR2B subTo quantitate the binding of CaM to NR1 subunits, fluorimetry was performed on solutions of dansyl-CaM tiunits from cells expressing NR2B alone ( Figure 2C ), although NR2B expression was detectable by immunoblot trated with NR1a COOH-terminal (NR1a-Cterm) and NR1c COOH-terminal (NR1c-Cterm) fusion proteins (see (data not shown). However, CaM did coprecipitate with NR2B from cells expressing both NR1a and NR2B (FigFigure 1C ) (Kincaid et al., 1982; Liu et al., 1994) . Details of the method are described in Experimental Proceure 2C). This coprecipitation was likely due to an indirect association of CaM with NR2B through the NR1a subdures. The photoexcited emission spectrum of dansylCaM (200 nM) alone had a maximum at 498 nm (Figure unit, as both NR1a and CaM were detected in anti-NR2B coimmunoprecipitates from NR1a/NR2B coexpressing 3A). Addition of 200 nM NR1a-Cterm shifted the emission spectrum maximum to 480 nm and increased the cells ( Figure 2C ). Substitution of NR1c for NR1a in the heteromeric receptor complex abolished CaM coprefluorescence intensity by a factor of 1.53 ( Figure 3A ). Addition of 200 nM NR1c-Cterm shifted the emission cipitation, even though NR1c coprecipitated with NR2B in amounts roughly equal to that of NR1a ( Figure 2C ). spectrum maximum to 474 nm and increased the fluorescence intensity by a factor of 1.36 ( Figure 3A ). This These experiments showed that CaM associates with heteromeric NMDA receptor complexes through interspectral shift provided a means of quantitating the CaM binding by titrating the dansyl-CaM with fusion protein action with the NR1 subunit, and that this interaction is regulated by the presence of the C1 exon cassette.
CaM Binding to NR1 Is Regulated by Both
and measuring the fractional fluorescence increase at 480 nm (Kincaid et al., 1982; Liu et al., 1994) . CaM was also found to coimmunoprecipitate with NR1 subunits from adult rat cortex ( Figure 2D ). This coimmuMeasurement of the fractional fluorescence increase of dansyl-CaM upon titration with NR1a COOH-terminal noprecipitation was blocked by both preincubation of the anti-NR1 antibody with excess immunogenic pepfusion protein showed that NR1a binds CaM with high affinity ( Figure 3B ). Scatchard analysis of the data retide, and by removal of Ca 2ϩ and addition of EGTA (Figure 2D) . No CaM was observed to precipitate when prevealed a curvilinear Scatchard plot ( Figure 3B ). The curved nature of the data suggested that the COOHimmune serum was substituted for anti-NR1 antibody ( Figure 2D ). These data indicated that NMDA receptors terminus of NR1a might contain two separate CaM binding sites with different affinities for CaM. The negative present in the brain also associate with Ca 2ϩ -CaM. Similar analysis of dansyl-CaM binding to the NR1c COOH-terminal fusion protein revealed a more linear by the addition of EGTA abolished the gel shift, and preincubation of CaM with peptides corresponding to Scatchard plot ( Figure 3C ), with saturation of NR1c-Cterm/dansyl-CaM binding occurring over approxiother NMDA receptor sequences had no effect on CaM's gel mobility (data not shown). Increasing the pepmately two log units ( Figure 3C , inset). These data supported a single binding site model for NR1c-Cterm. The tide:CaM molar ratio for both RH106 and RH96 resulted in an increasingly complete shift of CaM to the peptidenegative reciprocal slope of the fit line in the Scatchard plot gave a dissociation constant of 87.7 nM, which is bound form, with complete shifts occurring at peptide:CaM ratios of ‫1:01ف‬ and 2:1 for RH106 and RH96, close to that of the low affinity CaM binding site of . These experiments demonstrated that respectively ( Figures 4B and 4C ). These results demonstrated that both RH106 and RH96 peptides were capathe COOH-termini of NR1a and NR1c bind CaM with somewhat different affinities, with NR1a-Cterm having ble of binding CaM, and suggested that the RH96 peptide had a higher affinity for CaM than the RH106 a higher apparent affinity for CaM than NR1c-Cterm. Moreover, these data suggested that the COOH-termipeptide.
To quantitate the binding of CaM to RH96 and RH106, nus of NR1a might contain two CaM-binding sites, one of high affinity and one of lower affinity, with the high fluorimetry experiments were performed on solutions of dansyl-CaM titrated with RH96 and RH106 peptides. affinity site being dependent on the presence of the C1 exon cassettte, possibly within the cassette itself.
Data obtained from these experiments showed that RH96 and RH106 bind CaM with different affinities (Figures 4D and 4E) . The negative reciprocal slopes of the Identification and Quantitative Analysis of CaM Binding Domains in the NR1 Subunit Scatchard plots (Figures 4E) gave dissociation constants of 4.0 nM for RH96 and 87.0 nM for RH106. The Analysis of the amino acid sequence of the COOH-terminus of NR1a revealed two prominent stretches of basic data from two separate experiments are shown. The affinity of RH96 (4.0 nM) for CaM correlates well with and hydrophobic amino acids as two possible CaM binding sites (James et al., 1995) . The first site comprises that of the high affinity site of the NR1a COOH-terminal fusion protein (3.7 nM), and the affinity of RH106 (87.0 amino acids (aa) 838-863, corresponding to the region of the NR1 COOH-terminus between putative transmemnM) for CaM correlates well with those of the low affinity site of the NR1a COOH-terminal fusion protein (72.9 nM) brane domain IV and the C1 cassette. The second site comprises aa 875-898, corresponding to a region wholly and the NR1c COOH-terminal fusion protein (87.7 nM). These results showed that the COOH-terminus of the contained within the C1 cassette. Two synthetic peptides (RH106 and RH96) were synthesized that corre-NR1 subunit of the NMDA receptor contains two separate CaM binding sites with different affinities for CaM, spond to these two regions (RH106[aa 838-863]:
as the major current carrier), NR1a-NR2A recombinant NMDA channel opening events occurred with a primary conductance level of 56 pS and a subconductance level of 42 pS with transitions occurring between these two open states ( Figure 5A ). A 21 pS conductance level was also observed in some experiments. Channel activity increased with increasing NMDA concentration and was blocked by perfusion of 200 M DL-2-amino-4-phosphonovaleric acid into the patch pipette (data not shown). Moreover, no similar channel events were observed from untransfected HEK 293 cells.
In each experiment, the cytoplasmic face of the membrane patch was perfused with solutions varying in Ca 2ϩ and CaM concentration and NMDA channel events recorded under voltage clamp. Before application of CaM, membrane patches were perfused with a calcium-free solution in order to establish the control level of channel activity ( Figure 5A ). Application of CaM (2-250 nM) in the presence of 50 M Ca 2ϩ to the cytoplasmic face of the patch substantially reduced the single NMDA channel activity ( Figure 5B ). This Ca 2ϩ -CaM-dependent decrease in channel activity was reversed by perfusion with 0 Ca 2ϩ solution ( Figure 5C ). Due to the slow, Ca 2ϩ -CaM-independent rundown of NMDA currents, the channel activity was not completely restored to the initial control value ( Figure 5C ; see below). Perfusion of CaM in the absence of Ca 2ϩ (data not shown) or Ca 2ϩ in the showed that the open rate was reduced to 38% of the control level of 2.05/s, and the mean open duration was with the high affinity CaM binding site being present shortened to 53% of the control level of 6.03 ms (Figure only in C1 cassette-containing NR1 splice variants. 6C). As a result, the probability of NMDA channels being open during CaM administration (0.00378) was 4-fold Ca 2؉ -CaM Inhibits NMDA Receptor Channel less than during 0 Ca 2ϩ perfusion (0.0151; Figure 6C ).
Currents by Reducing the Channel's
To correct for the slow process of CaM-independent Open Rate and Mean Open Time channel rundown, control values were taken as an averTo explore the functional consequences of direct bindage of those measured during 0 Ca 2ϩ perfusions both ing of CaM to NR1 subunits, we examined the effect of before and after CaM application. Only patches that CaM on the channel properties of recombinant NMDA showed reversibility of the CaM-dependent inactivation receptors consisting of NR1 and NR2A subunits using were used for analysis. These experiments demoninside-out patch-clamp recording techniques. For each patch, the total charge during administration cific sites within the COOH-terminus of the NR1 subunit. of CaM was normalized to the control value (taken as the average value of total charge passed during 0 Ca 2ϩ Discussion perfusions both before and after CaM application). Data from multiple patches with the same NR1 construct at
In this study, we have shown that the multifunctional Ca 2ϩ sensor protein CaM directly binds to and inactiidentical concentrations of CaM were averaged to obtain dose-response curves.
vates NMDA receptor channels. CaM acts by binding to two separate sites in the COOH-terminus of the NR1 The dose-response curves for CaM-dependent inactivation of NMDA receptors composed of each of 5 differsubunit. The dose response of CaM-dependent inactivation of NMDA channels containing NR1 subunits with ent NR1 splice variants and deletion mutants along with the NR2A subunit are shown in Figure 7 . NMDA channels differing COOH-terminal domains parallels the measured affinity of CaM for the two binding sites. The quancontaining NR1a showed the greatest sensitivity to CaM. At a CaM concentration of 2 nM, NMDA channel activity titative differences between measured biochemical affinities and physiological dose response could be due was maximally inhibited by 4-to 5-fold (Figure 7) . Truncation of the COOH-terminus of NR1 immediately after to a higher affinity of CaM for these sites in the native receptor relative to that seen in vitro. Also, because transmembrane domain IV completely abolished the CaM-dependent inactivation (Figure 7 ). NR1c-and NMDA receptors are multimeric complexes likely to contain multiple NR1 subunits, CaM-dependent inactivation NR1e-containing NMDA receptors were less sensitive to CaM, with CaM still maximally reducing the total charge might occur when CaM binds to only a single NR1 subunit in the complex, leading to a higher apparent affinity passed by 4-to 5-fold, but only at a higher CaM concentration (10 nM; Figure 7 ). This lower sensitivity to CaM in the physiological dose response. Both CaM binding sites in the NR1 subunit possess stretches of basic and could be completely abolished by deleting aa 839-863 of NR1c (Figure 7 ). These data are consistent with the hydrophobic residues that segregate to opposite faces of a theoretical ␣ helix, a hallmark of CaM binding dobiochemical identification of two CaM binding sites in the COOH-terminus of the NR1 subunit with differing mains (James et al., 1995) . The result of CaM binding is a reduction in both the opening frequency and mean affinities for CaM. NR1a possesses both CaM binding sites and NR1a-containing NMDA receptors are sensiopen time of individual NMDA channels. Given the Ca 2ϩ -permeable nature of NMDA receptors, tive to CaM-dependent inactivation at CaM concentrations close to the K d for high affinity binding (Figures 4 our data suggest a model whereby activation of NMDA receptors by glutamate causes an influx of Ca 2ϩ through and 7). NR1c and NR1e splice variants both lack the high affinity CaM binding site (since both lack the C1 the NMDA channel that activates CaM, allowing CaM to general mechanism for Ca 2ϩ -dependent regulation of ion bind directly to two possible sites in the COOH-terminus of the NR1 subunit, resulting in inactivation of the channel (Figure 8 ). Still unknown is the precise gating mechanism by which CaM inactivates NMDA channels. Also unknown is the degree of cooperativity between the two CaM binding sites in the NR1 subunit, and whether CaM Liu et al., 1994). Direct CaM binding might thus be a C (PKC) (Tingley et al., 1993) and protein kinase A (PKA) of the NR1 subunit and inactivates NMDA channels in a Ca 2ϩ -dependent manner. This CaM-dependent inacti- (Tingley and Huganir, unpublished data) . Moreover, the C1 cassette targets recombinant NR1 subunits to recepvation could account for some or all of the Ca 2ϩ -dependent inactivation observed by whole-cell and celltor-rich domains in cultured cell lines, presumably owing to the interaction of this domain with the cytoskeleton attached patch recordings. Recent experiments have also indicated a role for the Ca 2ϩ -CaM-dependent phos- (Ehlers et al., 1995) . In this study, we have shown that the C1 cassette also contains a high affinity binding site phatase calcineurin in NMDA receptor desensitization (Lieberman and Mody, 1994; Tong et al., 1995) . It is for CaM.
Sequence comparison with other known CaM binding tempting to speculate that calcineurin might act in part by dephosphorylating the NR1 subunit at sites within sites reveals a striking homology between the high affinity CaM binding site of NR1 and the multifunctional CaM the C1 cassette, making available the high affinity CaM binding site and allowing for rapid CaM-dependent binding site (effector domain) of the cytoskeletal organizing protein MARCKS (myristoylated alanine-rich NMDA receptor inactivation. C-kinase substrate; for review, see Aderem, 1992 both CaM and actin and is thought to mediate reversible attachment of the actin cytoskeleton to the plasma Ca 2ϩ serves as a major intracellular messenger in the processes of synaptic plasticity, neuronal development, membrane. The 18 aa effector domain of the MARCKS protein not only binds CaM, but also binds actin, and and excitotoxicity. Ca 2ϩ influx into the dendritic spine through NMDA channels is critical for establishing both is the major site of PKC phosphorylation. These three processes display extensive interaction, with PKC phoslong-term potentiation (LTP) and long-term depression (LTD) of synaptic strength (Bliss and Collingridge, 1993; phorylation inhibiting CaM-and actin-binding, and CaMbinding preventing PKC phosphorylation and actin- Bear, 1995) . The magnitude of the postsynaptic Ca 2ϩ concentration increase determines the nature of the binding.
As with the MARCKS protein, several observations change in synaptic efficiency, with low Ca 2ϩ levels resulting in LTD and high Ca 2ϩ levels resulting in LTP (Bear, suggest that the processes of CaM binding, protein phosphorylation, and cytoskeletal association of the 1995). In addition, excessive Ca 2ϩ influx through NMDA receptors can result in neuronal death (Choi, 1995) . NR1 subunit of the NMDA receptor may functionally interact. Phosphorylation of serines within the C1 casCaM-dependent inactivation of NMDA channels could provide one mechanism for negative feedback regulasette rapidly disperses NR1-rich domains in cultured cells (Ehlers et al., 1995) , possibly by disrupting the tion of activity-dependent Ca 2ϩ influx into the postsynaptic spine. Such inactivation might protect against exinteraction of the C1 cassette with the cytoskeleton. Studies by Rosenmund and Westbrook (1993b) have citotoxic cell death. Furthermore, regulation of this negative feedback mechanism by protein phosphorylademonstrated that NMDA receptor linkage to the actin cytoskeleton can regulate Ca 2ϩ -dependent desensitization or alternative splicing would provide effective control over Ca 2ϩ levels in the dendritic spine and thus tion of the receptor, perhaps by competitive binding of Ca 2ϩ -CaM and cytoskeletal elements to the C1 cassette. potentially affect the balance between LTP and LTD. Preliminary results suggest that protein phosphorylation
Experimental Procedures
and CaM binding at the high affinity CaM binding site in C1 are mutually antagonistic (Ehlers and Huganir, Transfection and Metabolic Labeling of QT6 Cells unpublished data), consistent with the observation that HEK 293 cells and QT6 cells were transfected with cDNAs for CD8, the high affinity site in C1 overlaps with known phosNR1a, NR1c, NR1e, NR2A, NR2B, as well as mutant NR1-stop834 phorylation sites (Tingley et al., 1993) . Together, these and NR1c-839-863 subcloned into an expression vector containing the CMV promoter (20 g/100 mm plate; 8 g/60 mm plate) as observations suggest that the C1 exon cassette may indicated using calcium phosphate coprecipitation as described serve as a multifunctional regulatory domain affecting (Ehlers et al., 1995) . For metabolic labeling, transfected QT6 cells both NMDA channel physiology and cytoskeletal associwere incubated in cysteine-and methionine-free minimum essential ation in a manner analogous to the MARCKS protein.
medium with 1 mCi/ml 35 S-TransLabel (ICN) for 4 hr at 37ЊC. The media used was Media 199 with 10% tryptose phosphate broth, 5% fetal bovine serum, and 1% dimethylsulfoxide for QT6 cells, and Intracellular Ca 2ϩ exerts a negative regulatory effect on neuronal and recombinant NMDA channels (Mayer and Coimmunoprecipitation of Proteins Associated with NMDA Westbrook, 1985; Zorumski et al., 1989; Legendre et al., Receptor Subunits from Transfected QT6 Cells 1993; Vyklicky, 1993; Medina et al., 1995 CaM binds directly to the cytoplasmic COOH-terminus cell lysates were immunoprecipitated using previously described a Perkin-Elmer LS50B luminescence spectrometer. The excitation wavelength was 340 nm and both excitation and emission bandanti-NR1 (Tingley et al., 1993) or anti-NR2B (Lau and polyclonal antibodies and protein A-sepharose for 2 hr at 4ЊC. Coimpasses were 15 nm. All experiments were performed in a buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 2 mM CaCl 2 . munoprecipitates were washed with buffer A or buffer B, eluted with sample buffer, resolved by SDS-polyacrylamide gel electrophoresis
Measurements of dansyl-CaM binding to NR1a-and NR1c-COOH terminal fusion proteins, as well as to RH106 peptide, were taken (SDS-PAGE), and visualized by fluorography (Entensify, NEN) or transferred to a polyvinylidene fluoride (PVDF) membrane (Immobion samples containing 100 nM dansyl-CaM in the above buffer into which portions of concentrated fusion protein or peptide solution lon-P, Millipore) and visualized by immunoblot analysis with enhanced chemiluminescence (ECL) detection (DuPont). Immunoblots were sequentially added. For measurements of dansyl-CaM binding to RH96 peptide, the initial concentration of dansyl-CaM was 10 were performed as described previously (Blackstone et al., 1992) using an anti-CaM antibody (UBI; 1:2,000 dilution) or anti-NR1 54.1 nM. The resulting dilution of the original dansyl-CaM solution was less than 4% for measurements of fusion protein binding, and less monoclonal antibody (Pharmingen; 1:50,000 dilution).
than 1% is free, Ib is the fluorescence if all dansyl-CaM is bound, Im is the Previously described hexahistidine-tagged fusion proteins corremeasured fluorescence for any arbitrary intermediate mixture of the sponding to the COOH-termini of NR1a (aa 834-938), the COOHtwo, and fb is the fraction of bound dansyl-CaM. From these values, terminus of NR1c (aa 834-901) (Tingley et al., 1993) , and the hexahisthe concentrations of bound dansyl-CaM, bound fusion protein, free tidine backbone fusion protein were coupled to Affigel (BioRad).
dansyl-CaM, and free fusion protein could be determined and used Either soluble lysates from metabolically labeled QT6 cells or 1 g to construct Scatchard plots and saturation curves. Lines were fit of CaM (Calbiochem) was incubated with 50 l bed volume of fusion to the data using either the single site Scatchard relationship protein-Affigel resin in a total volume of 1 ml of buffer A, buffer B, B/F ϭ ϪB/K d ϩ Bmax/Kd or the two site Scatchard relationship or radio immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl
as appropriate, where B is [pH 8.0], 150 mM NaCl, 2 mM CaCl 2, 1% Nonidet P-40, 0.5% deoxythe amount bound, F is the amount free, Kd is the dissociation cholate, 0.1% SDS, containing protease inhibitor mix) for 2 hr at constant for each separate site, and Bmax represents the maximal 4ЊC. In some experiments, 5 mM EGTA was substituted for 2 mM number of binding sites for each site. Dissociation constants were CaCl 2 as indicated. The resin was washed with buffer A, buffer B, determined from the Scatchard plots as the negative reciprocal of or RIPA buffer, and the bound proteins eluted with protein sample the slope of the line(s) fit to the data by the least squares method. buffer, resolved by SDS-PAGE, and visualized by autoradiography or immunoblot analysis (Blackstone et al., 1992) using an anti-CaM antibody (UBI) (1:2000 dilution).
Nondenaturing Polyacrylamide Gel-Shift Assays of CaM-Peptide Complexes Three hundred picomoles of CaM were incubated with different Purification and Microsequencing of a 20 kDa molar amounts of either RH96 or RH106 peptide in a buffer conProtein from QT6 Cells that Associates taining 10 mM sodium-HEPES (pH 7.5) and 2 mM CaCl 2 for 30 min with the COOH-Terminus of NR1 at room temperature. The bound complexes were then resolved by Twenty 100 mm plates of QT6 cells were solubilized in buffer A for nondenaturing PAGE on a 15% polyacrylamide gel in the presence 30 min at 4ЊC and the soluble supernatant incubated with 1 ml of 2 mM CaCl2, and visualized by Coomassie blue staining. bed volume of Affigel resin coupled to NR1a COOH-terminal fusion protein for 2 hr at 4ЊC as described above. Proteins bound to the NR1a affinity resin were eluted with sample buffer, resolved by SDSSite-Directed Mutagenesis of NR1 cDNA PAGE, and transferred to a PVDF membrane. Proteins present on Mutations in the NR1 cDNA were introduced using double stranded the membrane were visualized by amido black staining. The promisite-directed mutagenesis (Chameleon system, Strategene) as per nent 20 kDa protein present in the sample was cut from the memthe manufacturer's instructions. Mutations were confirmed by sebrane and microsequenced at the Wistar Protein Microchemistry quencing, and expression of NR1 mutants was verified by transfecLaboratory (Philadelphia, PA) by performing in situ proteolysis on tion and immunoblot analysis as described above. The mutagenic the PVDF membrane followed by microbore reverse phase high antisense oligonucleotides used were as follows: 5ЈGTGTCGCTTGT performance liquid chromatography and internal sequence analysis AAGCTTACTAAATGAAAATGAGG-3Ј for NR1-stop834, which introon isolated peptide fractions.
duces stop codons at aa positions 834 and 835 immediately following putative transmembrane domain IV, and 5Ј-GCGTCCACCCCCG GTCGACTTGTAGGCGATCTC-3Ј for NR1c-839-863, which deletes Coimmunoprecipitation of CaM with NR1 aa 839-863 from NR1C.
Subunits from Rat Brain
Cortex from adult Sprague-Dawley rats was homogenized on ice in 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 2 mM CaCl2 containing Electrophysiology protease inhibitor mix using a Brinkman Polytron PT 3000. Due to Ionic currents through single NMDA receptors were recorded from the low solubility of NMDA receptor subunits in nonionic detergents, inside-out patches excised from transiently transfected human em-3 mg of cortex protein was used for each coimmunoprecipitation bryonic kidney cells (HEK 293). For visual identification, the expresexperiment. Cortex homogenate was solubilized by adding Nonidet sion plasmid H3-CD8 (gift from Brian Seed) was cotransfected with P-40 to 1% and incubating at 4ЊC for 30 min. Homogenates were NR1 and NR2A (1:4.5:4.5 ratio of CD8:NR1:NR2A cDNA). After 24-72 then incubated with either preimmune serum, polyclonal anti-NR1 hr, transfected cells were visualized with magnetic polystyrene miantibody, or polyclonal anti-NR1 antibody ϩ 100 g/ml blocking crospheres coated with antibodies to CD8 (M-450 CD8, Dynal, Inc.). peptide along with protein A-sepharose for 2 hr. Bound complexes Inside-out patches were excised from bead-bearing cells with piwere then washed and eluted as described above for transfected pette electrodes made from Corning 7052 glass capillaries of 1.5 QT6 cell lysates. The coimmunoprecipitates were resolved by SDSmm o.d. and 0.75 mm i.d. (Warner Instrument Corp.) by a Sachs-PAGE, transferred to a PVDF membrane, and subjected to immuFlaming micropipette puller (PC-84, Sutter Instrument Co.). The pinoblot analysis using anti-NR1 54.1 monoclonal antibody (Pharpettes were coated with Sylgard 184 silicone (Dow Corning) near mingen) (1:50,000 dilution) or anti-CaM antibody (UBI) (1:2000 their tips, which were then heat polished. The osmolarity of the dilution). extracellular and intracellular solutions (290-310 mmol/kg) was verified using a 5500 vapor pressure osmometer (Vescor, Inc.). The pipette filling solution contained 0.5-2 M NMDA or glutamate and Quantitative Fluorescence Measurements of CaM Binding Emission fluorescence spectra of dansyl-CaM alone, dansyl-CaM 10 M glycine in a calcium-free buffer containing 145 mM NaCl, 10 mM HEPES, and 1 mM EGTA, pH 7.4 (EM Science). Impedance of with either NR1a-or NR1c-COOH terminal fusion proteins, and dansyl-CaM with either RH96 or RH106 peptides were measured with the pipette electrodes was 4 to 8 M⍀. Cytoplasmic faces of isolated patches were perfused with either the calcium-free buffer or a buffer (1982) . Ca 2ϩ -dependent interaction of 5-dimethylaminonaphthalene-1-sulfonyl-calmodulin with cyclic nucleotide phosphodiestercontaining 50 M Ca 2ϩ (145 mM NaCl, 10 mM HEPES, 2 mM nitrilotriacetic acid, 0.7 mM CaCl 2, pH 7.4) through glass theta tubing, which ase, calcineurin, and troponin I. J. Biol. Chem. 257, 10638-10643. was placed 1.8 mm from the patches. The free Ca 2ϩ was calculated Kutsuwada, T., Kashiwabuchi, N., Mori, H., Sakimura, K., Kushiya, as 50 M based on nitrilotriacetic acid-Ca 2ϩ complex equilibrium E., Araki, K., Meguro, H., Masaki, H., Kumanishi, T., Arakawa, M., constants. The perfusion flow rate was 0.25 ml/min. The membrane and Mishina, M. (1992) . Molecular diversity of the NMDA receptor patches were voltage-clamped at 60 mV with an Axopatch 200 channel. Nature 358, 36-41. amplifier (Axon Instruments). Single channel currents were low-pass Lau, L.F., and . Differential tyrosine phosphorylafiltered at 1 kHz and stored on video tapes with a PCM VCR (DAS tion of N-methyl-D-aspartate receptor subunits. J. Biol. Chem. 270, 900, Unitrade, Inc.) for later digitizing (sampling rate ϭ 5 kHz) and [20036] [20037] [20038] [20039] [20040] [20041] . data analysis, using Digidata 1200 hardware and pClamp6 programs Laurie, D.J., and Seeburg, P.H. (1994) . Regional and developmental (Axon Instruments). All experiments were carried out at room temheterogeneity in splicing of the rat brain NMDAR1 mRNA. J. Neuperature (20ЊC-23ЊC).
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